The 3' end of Sindbis virus minus-sense RNA was tested for its ability to bind proteins in mosquito cell extracts, using labeled riboprobes that represented different parts of this region. We found four domains in the first 250 nucleotides that could bind the same 50-and 52-kDa proteins, three with high affinity and one with low affinity, whereas tested domains outside this region did not bind these proteins. The first binding domain was found in the first 60 nucleotides, which represents the complement of the 5'-nontranslated region, the second in the next 60 nucleotides, the third in the following 60 nucleotides, and the fourth between nucleotides 194 and 249 (all numbering is 3' to 5'). The relative binding constants, K,, of the first, second, and fourth sites were similar, whereas that of domain 2 was fivefold less. Deletion mapping of the first domain showed that the first 10 nucleotides were critical for binding. Deletion of nucleotides 2 to 4, deletion or replacement of nucleotide 5, or deletion of the first 15 nucleotides was deleterious for binding, deletion of nucleotides 10 to 15, 26 to 40, or 41 to 55 had little effect on the binding, and deletion of nucleotides 15 to 25 increased the binding affinity. We also found that the corresponding riboprobes derived from two other alphaviruses, Ross River virus and Semliki Forest virus, and from rubella virus were also able to interact with the 50-and 52-kDa proteins. The Kr value for the Semliki Forest virus probe was similar to that for the Sindbis virus probe, while that for the Ross River virus probe was four times greater. The rubella virus probe was bound only weakly, consistent with the fact that mosquito cells are not permissive for rubella virus replication. We suggest that the binding of the 50-and 52-kDa proteins to the 3' end of alphavirus minus-sense RNA represents an important step in the initiation of RNA replication.
Conserved sequence elements in alphavirus RNAs have been proposed as possible promoters for initiation of replication and transcription from viral RNA (22) . The different effects of several mutations within these elements upon virus growth in different cell lines also led to the hypothesis that they function as promoters by binding to host cell factors (9, 15, 16) and that therefore these elements should be conserved during viral evolution. Of the four conserved elements that have been described for alphaviruses, the 24-nucleotide-long promoter for transcription of the subgenomic RNA has been best characterized (11, 19) . Mutational analyses of the three other elements, the 19 nucleotides at the 3' end of the genomic RNA, a 51-nucleotide sequence that begins around nucleotide 150 in the genome, and the first 44 nucleotides of the genomic RNA, have confirmed their importance in viral RNA transcription and replication (9, 15, 16) .
The 44 residues at the 5' end of the genomic RNA and the complementary sequence in the minus strand are potentially able to form stem-loop structures, which in the minus strand could be involved in the initiation of plus-strand RNA synthesis. Three deletions tested in this region proved to be lethal for the virus, namely, deletion of nucleotide 1, deletion of nucleotides 2 to 4, or deletion of nucleotide 5 (numbering in the genomic sense) (15) . The first two of these would disrupt part of the stem, and the third causes a change in a bulged nucleotide in the stem. Deletion of nucleotide 8, 36, or both shortened the stem and led to temperature-sensitive virus. Interestingly, deletions in this region often affected virus growth differently in cultured cell lines derived from the chicken or mosquito, both of which are natural hosts for the virus. It was concluded that host factors interacting with this sequence element might be involved in viral RNA transcription and replication.
Using the complement of the first 132 bases of the Sindbis virus genome as a probe in binding assays, we demonstrated that this domain could interact with three chicken proteins of 42, 44, and 52 kDa, the first two migrating as a doublet (18) . These proteins still interacted with the probe after deletion of residue 5, which is lethal for the virus (16) , but surprisingly, the half-life of the protein-RNA complexes with the mutant probe was threefold longer than that of the wild-type complexes, indicating that the chicken proteins bound more tightly to the mutant probe. A truncated probe containing only the 3'-terminal 60 nucleotides, i.e., the complement of the 5'-nontranslated region (NTR), also bound the same three chicken proteins.
We describe here our results with probes representing domains in the 3'-terminal region of Sindbis virus minussense RNA upon incubation with extracts from mosquito cells. We found that there are three high-affinity and one low-affinity binding sites for two cellular proteins within the 3'-terminal 249 residues of the minus strand. Deletion analysis of the 3'-terminal binding site showed that the 3' 10 bases are critical for the binding of the two proteins. We also examined the binding of the complement of the 5' NTR of two other members of the alphavirus genus, Ross River (RR) and Semliki Forest (SF) viruses, as well as that of the complement of the first 61 bases of rubella virus minus-sense RNA (which includes the 5' NTR), which is classified as a different genus within the family Togaviridae. We found that the alphavirus probes as well as the rubella virus probe interacted with the same mosquito cell proteins but with different affinities and that the affinity of binding is correlated with the ability of the virus to replicate in mosquito cells. 
MATERUILS AND METHODS
Preparation of DNA clones. The isolation of cDNA clones containing the sequence of the first 62 (clone pGEX) or 132 (pGEH) bases of the wild-type Sindbis virus genome, of a deletion derivative of pGEH (pGEHdS), and of control plasmid pBEH has been described previously (18) . Plasmid pRR64 (10) was obtained from R. Kuhn, and plasmid pSF was from T. Rumenapf.
To prepare derivatives of pGEX containing various deletions, we synthesized in both genomic and antigenomic polarity oligonucleotides that represented the cDNA sequence of the 5' NTR of the virus genome containing the desired deletion. The Sindbis virus sequence was flanked by an EcoRI restriction site at the 5' end and by an XbaI site at the 3' end. To form double-stranded DNA, the oligonucleotides (1,000 pmol each) were heated to 95°C for 5 min in 10 mM Tris HCl (pH 7.5)-10 mM MgCl2-10 mM 2,B-mercaptoethanol-100 mM NaCl and then slowly cooled to room temperature. The double-stranded cDNA was then digested with EcoRI and XbaI, purified by gel electrophoresis, and inserted into the transcription vector pGEM4 (Promega) prepared by digestion with the same enzymes. (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) , pSFd (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) , pRUB, and pRUBd (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) ].
To prepare cDNA clones suitable for transcription of riboprobes from RR and SF viruses, we synthesized RNA transcripts from the 5' end of the genomes from pRR64 linearized at a BssHI site or pSF linearized at an EcoRV site, using SP6 RNA polymerase in a mixture containing 500 ,uM each ATP, GTP, CTP, and UTP for 15 min at 38°C. The transcripts were then used as templates for cDNA synthesis, with a primer annealing to nucleotides 61 to 88 of RR virus RNA or nucleotides 68 to 95 of SF virus RNA, both primers containing an XbaI site. The first-strand cDNA products were amplified by the polymerase chain reaction with a primer containing an EcoRI site followed by the first 15 bases of either RR or SF virus genome together with the original cDNA primers. The products were purified by gel electrophoresis after digestion with EcoRI and XbaI and inserted in EcoRI-XbaI-digested pGem4. The recombinant plasmids (called pRR and pSF respectively) contained the 5' NTR of the RR or SF virus genome.
To obtain a cDNA clone corresponding to Sindbis virus residues 59 to 132, we transcribed RNA from Sindbis virus SNTd(10-14) (16) into cDNA using a primer annealing to nucleotides 126 to 145. Polymerase chain reaction amplification followed with this primer and a primer annealing to nucleotides 46 to 67 that contained a mismatch at position 58 (G instead of C) and a A inserted between nucleotides 57 and 58 so as to introduce an XbaI site. After purification of the XbaI-HindIII fragment on a polyacrylamide gel, the cDNA was inserted into vector pGEM4 prepared by digestion with the same enzymes, to give plasmid pGXH.
Plasmids containing the 5' NTR of Sindbis virus RNA with a deletion of nucleotide 5 (pGEXd5) or the substitution of this nucleotide by G (pGEXG5) were obtained by polymerase chain reaction amplification from pGEX DNA with the primer annealing to nucleotides 46 to 67 that contained mismatches to produce an XbaI site (see above) together with a primer containing an EcoRI site followed by the first 11 bases of Sindbis virus RNA containing either a deletion or a substitution (A to G) of nucleotide 5 (18) .
Preparation of cell extracts. Monolayers of mosquito C6/36 cells from Aedes albopictus were grown to confluence in 150-mm-diameter dishes as described previously (9) . P100 salt wash extracts were prepared as described previously (7). The extracts were concentrated 2.5-fold on a Centricon 10 device (Amicon) according to the manufacturer's protocol. Protein concentration was determined by the Bio-Rad protein assay.
RNA-protein complex formation and gel retardation analysis. Binding reactions and gel retardation analysis were performed as described previously (12, 18) . Quantitation of the RNA-protein complexes and of free RNA was performed either by scanning the dried gels with a Phosphorimager scanner (Molecular Dynamics) or by excising the complexes and free probe from the gels and counting the radioactivity of each in a scintillation counter. Data were transformed as previously described (3, 18) , and values for PO and Kr were extracted. Each binding experiment was performed more than once [four times with probes 62S(-), 129/196S(-), 62S(-)dl-15, 62S(-)d2-4, 62S(-)d5, 62S(-)d15-25, 62S (-)d26-40, 62S(-)d41-55; twice with probes 59/132S(-), 62S(-)G5, 62S(-)dlO-15, RR(-), SF(-), RUB(-)] except for probe 194/249(-). The values reported for P0 and Kr are the average value obtained. The standard deviation in these values from experiment to experiment was estimated to be +30 to 50%. UV-induced cross-linking and analysis of cross-linked proteins were performed as described previously (18) . Probes 62S(-)d2-4, 62S(-)d5, 62S(-)dl-15, 62S(-)dlO-15, 62S(-)dl5-25, 62S(-)d26-40, and 62S(-)d41-55 are identical to probe 62S(-), but nucleotides 2 to 4, 5, 1 to 15, 10 to 15, 15 to 25, 26 to 40, and 41 to 55, respectively (numbered 3' to 5' in the Sindbis virus minus strand), have been deleted. Another mutant probe called 62S(-)G5 contained G instead of A at position 5. Probe 132S(-)d5 is identical to probe 132S(-) except that nucleotide 5 (numbered 3' to 5' in the Sindbis virus minus strand) is deleted.
We also produced antisense probes RR(-), SF(-), and RUB(-) which contained the 5' NTR of RR or SF virus RNA (72 and 80 bases, respectively) or the 5' NTR (40 bases) and the next 21 bases of rubella virus RNA. These probes are schematically depicted in Fig. 1B ; they contained 19 extra bases at the 5' end and 5 extra bases at the 3' end. Deletion probes in which the first 20 bases were deleted, RR(-)dl-20, SF(-)dl-20, and RUB(-)dl-20, respectively, were also produced.
As a control, an exact probe corresponding to probe 62S(-) was also produced. A double-stranded oligonucleotide was synthesized that contained the 62 3'-terminal nucleotides of the minus strand downstream of a T7 promoter. RNA transcribed from this synthetic DNA contained only one extra G at the 5' end (required for initiation of transcription) followed by the 62 Sindbis virus nucleotides.
Mosquito protein binds to the 3' end of Sindbis virus minus-strand RNA. We have previously shown specific binding of chicken proteins to the 3' end of Sindbis virus minus-strand RNA using radiolabeled minus-sense probes (18) and hypothesized that the 3'-terminal region of the minus-sense genome is bound by cellular proteins to promote RNA replication. To further explore this hypothesis, we tested mosquito cell extracts for their ability to interact with minus-sense probes, mosquitoes being a natural host for alphaviruses. Formation of complexes between the 132S(-) probe or its mutagenized derivative 132S(-)dS and proteins in the mosquito cell extracts is shown in Fig. 2 . Three retarded bands were observed in mobility shift assays with either the wild-type or the mutant probe: band I migrated the fastest, while bands II and III migrated more slowly (Fig. 2 , lanes 2 and 6). A fourth faint band designated with an asterisk migrated slightly slower than band I but was not always present and may be nonspecific. We consistently found that the band I complexes were present in greater quantities when the mutant probe was used, while those migrating as band II were present in smaller quantities.
To assess the specificity of complex formation, we performed competition experiments in which the reaction equilibrium was displaced by adding an excess of unlabeled competitor, either a non-Sindbis virus probe (Bls) or unlabeled 132S(-) or 132S(-)dS transcripts. Band I was found to be specific for the Sindbis virus probes (either wild type or mutant), since it could be outcompeted in both cases by the corresponding unlabeled competitor but not by the nonspecific Bls competitor (Fig. 2, lanes 3 , 4, 7, and 8). However, bands II and III appeared to be specific only for the wild-type probe. They were outcompeted by the specific competitors, but in the case of the mutant probe, they were almost totally outcompeted by the nonspecific Bls competitor as well, whereas these bands were only slightly affected by the nonspecific competitor in the case of the wild-type probe (Fig. 2 To study further the formation of the higher-molecularweight complexes in bands II and III, we added increasing quantities of mosquito cell extract to binding reactions with a constant amount of either the wild-type or mutant probe (Fig. 3) . We found that with the wild-type probe, the complexes present in band I were maximal when 375 ng of extract protein was added (Fig. 3, lane 2 ) and thereafter decreased with increasing amount of extract, whereas the quantity of complexes present in band II increased, suggesting that with increasing protein concentration the band I complexes were converted into band II complexes (Fig. 3,  lanes 3 and 4) , presumably by binding additional protein.
(Note that, depending on the batch of extract, band II sometimes appeared as a single band, as in Fig. 2 , for example, or as multiple closely spaced bands as in Fig. 3 ; these differences did not affect the nature of the conclusions reached.) Band III, on the other hand, was formed only at high protein concentration (Fig. 3, lanes 3 and 4) , suggesting that band II may be converted to band III. The mutant probe needed twice as much extract (750 ng of protein) to reach saturation of band I, and these appeared to be only inefficiently converted to bands II and III (Fig. 3, lanes 5 to 8) with the mutant probe and they were less stable than those formed with the wild-type probe.
Binding of mosquito protein to the 62S(-) probe. We had previously shown that a truncated probe containing only the complement of the 5' NTR, probe 62S(-), formed a complex with chicken proteins (18) . Upon incubation of mosquito cell extracts with radiolabeled 62S(-), two major retarded bands were formed (Fig. 4A, lane 2 , bands I and III), which comigrated with bands I and III detected with the 132S(-) probe (data not shown). Two minor bands were also visible in the experiment shown in Fig. 4A , one of which is marked with an asterisk; these minor bands were not consistently observed and depended on the batch of extract used. Only band I appeared to be specific with the 62S(-) probe. Band I could be outcompeted by unlabeled 62S(-) but not by nonspecific competitor Bls (Fig. 4A, lanes 3 and 4) , whereas band III as well as the minor bands were outcompeted by the nonspecific probe as well as by 62S(-). Furthermore, the quantity of complexes present in band III was more variable with the 62S(-) probe than with the 132S(-) probe. Band III formed with 62S(-) could represent the nonspecific component of band III formed with 132S(-) described above.
To assess the possible importance of the extra bases located at the extremities of the 62S(-) transcripts in the binding process, we produced labeled transcripts that represented the exact complement of the 5' NTR of Sindbis virus genome in which one extra G was present at the 5' end of the transcript but whose 3' end was precise. For this, a synthetic double-stranded oligonucleotide was transcribed in vitro, as described above. In binding assays with proteins from mosquito cell extracts, these exact transcripts behaved exactly as did the 62S(-) probe (data not shown). The complexes formed were the same and the same proteins were labeled after UV cross-linking (see below). Cross-competition experiments demonstrated that the exact probe and the 62S(-) probe competed for the same proteins. Thus, the extra nucleotides at the 5' and 3' ends of the probes used do not affect the binding results. 62S(-), we irradiated the complexes with UV light to cross-link the probe to the bound proteins. The probes were digested with RNase, and the proteins were separated by electrophoresis on sodium dodecyl sulfate (SDS)-containing polyacrylamide gels. At least three proteins were labeled by transfer of radiolabel from the probe, with apparent masses of 50, 52, and 76 kDa (Fig. 4B, lane 2) . The 76-kDa protein was only weakly labeled and could not be carefully studied, although the results suggested that this protein interacts nonspecifically with the Sindbis virus probe. The 50-and 52-kDa proteins, which migrated as a doublet, were found to be specifically bound to the 62S(-) probe from their behavior in competition experiments, in which labeling could be abolished by competition with the specific competitor but not with the nonspecific competitor (Fig. 4B, lanes 3 and 4) .
Similar results were obtained when the 132S(-) or 132S(-)dS probe was cross-linked to bound proteins. Only the 50-and 52-kDa proteins (and to a lesser extent the 76-kDa protein) were detectable on polyacrylamide-SDS gels after UV irradiation (data not shown). This result suggests that more copies of the 50-and 52-kDa proteins bind to the longer probes to form the higher-molecularweight complexes (bands II and III) or that some proteins in the larger complexes cannot be cross-linked to the probe (see also below).
Multiple protein-binding sites in Sindbis virus minus-strand RNA. The fact that the 132S(-) probe was Fig. 5 , where the parameters have been determined for the 62S(-) probe. These two parameters estimated for various probes are presented in Table 1 . Also shown in Table 1 are the correlation coefficients r2 from the least-squares fit of the data transformed as in Fig. 5A , which serve as a measure of the reliability of the constants determined. Probe 59/132S(-) had the highest Kr value (0.39 x 106) and probe 129/196S(-) the lowest (0.04 x 106). The Kr values of probes 62S(-) and 194/249S(-) were somewhat less than that of 59/132S(-) but much greater than that of probe 129/196S(-). Thus, there are three high-affinity binding sites and one low-affinity binding site for the 50-and 52-kDa proteins in the 3'-terminal 249 nucleotides of the minus strand. The P, values found for all four probes were approximately equivalent, between 1 x 10-5 and 1.8 x 10-M, consistent with the finding that all interact with the same set of proteins.
These results confirmed the hypothesis that the 132S(-) probe contains two contiguous binding sites such that the formation of higher-molecular-weight complexes with this probe probably arises because proteins can bind to both sites. It of the wild-type 62S(-) probe were constructed that lacked nucleotides 2 to 4, 5, 1 to Table 2 . Probes 62S(-)dlO-15, 62S(-)d26-40, and 62S(-)d41-55 all had Kr and P0 values approximately the same as that for the wild-type 62S(-). Thus, these deletions have only a slight effect on the binding of the mosquito proteins. Probes 62S(-)d5 and 62S(-)G5, on the other hand, were bound with a Kr only one-third that of the wild-type probe, although the P0 was essentially unchanged, indicating the importance of this nucleotide for binding. Probe 62S(-)dl-15 displayed a binding affinity only one-seventh that of the wild-type probe, and although above background (P,, is unchanged), this probe is very poorly bound by mosquito proteins.
The results with probe 62S(-)d2-4 were not consistent with results with the other probes. Its apparent Kr value (0.19 x 106) was similar to that of the 62S(-) probe, but its P0 value (0.19 x 105 M) was about seven times smaller. One possible explanation is that this mutant is bound by only a subset of the host proteins active with the wild-type probe. A second possibility is that the deletion affects the secondary structure, locking the structure in an unfavorable conformation so that the site is hidden or much less accessible to protein binding than is the wild-type structure. The on-rate for the binding reaction would then be much longer with the mutant probe such that the reaction does not reach equilibrium in the time used. A third possibility is that the Kr value obtained for the mutant probe results from nonspecific binding, since band I was barely detectable on the retardation gels, and that this deletion abolishes or greatly reduces the specific binding.
Finally, the deletion of nucleotides 15 to 25 gave the surprising result that the binding affinity increased more than threefold (Kr = 0.77 x 106), with P,, unchanged or only slightly elevated. These results indicate that the first 10 residues are crucial for the binding of the 50-and 52-kDa proteins and that the residues between 15 and 25 downregulate the binding of these proteins.
It is of note that (nonspecific) band III was not formed when the 62S(-)d26-40 probe was used in the binding reaction, but was formed with all other probes (data not shown). In cross-competition experiments, probes 62S(-), 62S(-)dl5-25, 62S(-)d26-40, 62S(-)d41-55, 62S(-)dlO-15, 62S(-)d5, and 62S(-)G5 behaved similarly, whereas probes 62S(-)dl-15 and 62S(-)d2-4 proved to be very poor competitors (data not shown). The reason why the low-affinity probes 62S(-)d5 and 62S(-)G5 are good competitors is unclear. Binding of 3' ends of other alphavirus and rubella virus RNAs. Having demonstrated that the 3' end of Sindbis virus minus-strand RNA contained binding sites for cellular proteins, we wished to examine the 3' ends of minus-strand RNA of other alphaviruses and chose RR and SF alphavirus RNAs. We also tested the 3' end of rubella virus minusstrand RNA, as this virus shares similarities with the alphaviruses and is believed to be related to them, although sequence comparisons fail to show extensive sequence similarity. We used RNA transcripts containing the complement of the wild-type 5' NTR for the alphaviruses, probe 62S(-), RR(-), or SF(-), or transcripts containing the complement of the first 61 nucleotides of the rubella virus RNA which includes the 40-nucleotide 5' NTR and the following 21 residues, probe RUB(-). We found that formation of complex (band I) occurred with each of these probes upon incubation with the mosquito cell extracts, although the RUB(-) probe formed significantly less complex than the alphavirus probes (data not shown). Nonspecific band III was observed only with the Sindbis virus probe. Crosscompetition experiments showed that the RR(-), SF(-), and 62S(-) unlabeled probes competed similarly, whereas the RUB(-) probe competed less efficiently (data not shown). UV cross-linking experiments confirmed that the 50-and 52-kDa proteins were involved (data not shown). We estimated the values of the two parameters Kr and P0 in titration experiments as above, and these values are presented in Table 3 . The SF(-) probe displayed the same affinity for the mosquito proteins (Kr = 0.23 x 106) as did the Sindbis 62S(-) probe (Kr = 0.22 x 106). The RR(-) probe displayed a fourfold-higher affinity (0.87 x 106), however, while the RUB(-) probe had a fourfold-lower affinity (0.06 x 106). The PO, value for each probe was found to be about the same as for the Sindbis virus probe and in line with previous estimates.
In an attempt to assess the importance of the 3' nucleotides of the minus strand of the RR virus, SF virus, and rubella virus RNAs, we used derivatives of probes RR(-), SF(-), and RUB(-) that lacked the 20 first residues [RR(-)dl-20, SF(-)dl-20, and RUB(-)dl-20 probes, respectively] in binding assays with mosquito cell extracts. Surprisingly, we observed only a 10 to 20% decrease in the binding ability (data not shown). We have not further explored this topic, but it is possible that there is more than one binding site within the probes used, analogous to the situation with Sindbis virus.
DISCUSSION
Mosquito cell proteins bind to the 3' end of Sindbis virus minus-sense RNA. We demonstrated that four different domains within the first 249 nucleotides at the 3' end of the Sindbis virus minus-sense RNA interact with two mosquito proteins of 50 and 52 kDa. Three domains bound with high affinity (Kr = 0.2 x 106 to 0.4 x 106) and one with low affinity (Kr = 0.04 x 106). We consistently found that of the three high-affinity sites, the site between nucleotides 59 and 132 had the highest affinity and the site between nucleotides 1 to 62 had the lowest affinity. The probe containing the lowaffinity site also contains a conserved sequence element, the 51-nucleotide domain that is capable of forming two stable stem-loop structures, which has been postulated to have a function in RNA synthesis distinct from that of the 3'-terminal 44 nucleotides that form the terminal stem-loop structure (22) . It is unknown if the 51-nucleotide element functions in the genomic RNA or in the minus-strand RNA or both. If it functions in the minus strand by binding with high-affinity cellular proteins distinct from the 50-and 52-kDa proteins, then the fact that it is flanked by three high-affinity sites for the 50-and 52-kDa proteins indicates that the 3' sequence binds several proteins that could interact with one another and prime RNA for initiation of plus-strand synthesis on the minus-strand template. Our results that longer probes can bind more than one protein molecule and that the bound proteins may interact to stabilize the interactions are consistent with this model.
Several DNA promoter and enhancer elements containing multiple binding sites have been reported, including the CpG island HTI9 (21) and the simian virus 40 early promoter (1) . In the simian virus 40 early promoter, six adjacent sites operate independently to activate viral transcription (1) . The CpG island HTF9 was also found to contain multiple proteinbinding sites, but only a small subset of elements appeared to be required to activate the transcription of the HTF9 gene (21) . We do not know whether the three high-affinity sites at the 3' end of the Sindbis virus minus-sense genome must be occupied for efficient initiation of viral replication, but the redundant architecture of binding elements may play a role in the adaptation of a promoter to different cellular backgrounds, since Sindbis virus replicates in mosquitoes, birds, and mammals.
We previously reported that chicken cell extracts contained proteins of 42 and 44 kDa that bound to the 3' end of the Sindbis virus minus-strand RNA with a Kr of 0.3 x 106 to 0.4 x 106, very similar to the Kr found for the mosquito proteins (18) . In that study, we did not explore the possibility of multiple independent binding sites for these proteins, but we have found that there are at least two sites, one within the first 62 nucleotides and a second between nucleotides 59 and 132 (17) . We presume that the chicken proteins and mosquito proteins are homologs, but isolation and characterization of these proteins will be required to establish this. We previously reported that deletion of nucleotide 5 in the probe 132S(-)d5 resulted in tighter binding of the probe to chicken proteins leading to a significantly decreased off-rate (t12= 16 min for the mutant probe compared with 5.5 min for the wild-type probe) (18) . In contrast, binding of 132S(-)dS and 132S(-) to the 50-and 52-kDa mosquito proteins was indistinguishable, and both complexes dissociated with a t112 of 5 min (17) . We suggest that these differences in binding are due to interactions between binding sites 1 and 2 and that these interactions are different when chicken proteins are bound than when mosquito proteins are bound. This is consistent with the observation that with mosquito extracts, we readily observed formation of larger complexes formed presumably by binding to both sites 1 and 2, whereas with chicken extracts, we did not observe such larger complexes. Together with the results from other deletion probes and the results of Niesters and Strauss (16) , this suggests that the linear sequence of the RNA is not solely responsible for the binding of cellular proteins but that the secondary structure in this region of the RNA is also important for binding. Certainly the finding that deletion of nucleotides 15 to 25 led to a greater than threefold increase in the Kr suggests that binding is moderated by secondary structure.
The increased binding observed upon deletion of nucleotides 15 to 25 is also of interest because deletion of these nucleotides in a defective interfering RNA was found to be lethal (23) , whereas the deletion in viral RNA results in viable virus (16) . This suggests that in a nondefective genome the deletion may be partially compensated for by interactions with proteins bound to downstream sequences, allowing the survival of the virus, although with an impaired growth.
Secondary structures are important for the replication of RNA viruses from different families, including picornaviruses, retroviruses, and alphaviruses. In some cases, mutational analysis of these regions has highlighted the importance of secondary structures in the binding of cellular factors. Mutations in the proximal stem-loop structure of the ribosome landing pad of poliovirus type 2 abolished internal initiation, as did deletions predicted to disrupt stem-loop structures V and VI, whereas deletion of the second stemloop reduced internal initiation by 50% (14) . Interestingly, cellular factors have been shown to bind to the proximal stem-loop structure of poliovirus (4) . Mutational analysis has also demonstrated that two cellular factors could bind two separate sites in the upper portion of the transactivationresponsive RNA hairpin of human immunodeficiency virus type 1 (20) . In SF alphavirus, it has been demonstrated that the efficiency of recognition of the mRNA by initiation factors was determined by a secondary structure close to the 5' cap structure (2) . Increasing the stability of the secondary structure in the 5' NTR by treating the RNA with increasing amounts of K+ led to the decrease of binding of eIF-4B and eIF-4E to both the 42S and 26S RNAs. Interestingly, the decrease was more pronounced for the 42S RNA than for the 26S RNA, confirming the computer prediction that the 5' NTR of 26S RNA contained less secondary structure than that of the 42S RNA and was therefore more efficiently recognized by the cellular translation machinery.
Other alphavirus minus-sense RNAs bind the same cellular proteins. Our results demonstrate that 50-and 52-kDa proteins from mosquitoes bind to the 3' end of Sindbis virus minus-strand RNA and that these same two proteins also bind the 3' end of minus-strand RNA of two other alphaviruses, SF and RR. The Kr values are comparable, although the RR virus probe had a fourfold-higher Kr than did the Sindbis virus and SF virus probes. We have not explored in detail the number and positions of binding sites for these proteins in RR virus and SF virus, but assume that like Sindbis virus multiple binding sites are present. We found that a probe derived from rubella virus RNA also bound the same 50-and 52-kDa proteins, but poorly. Rubella virus is classified as a member of the Togaviridae family (genus Rubivirus). There are similarities in the structure of the virus and the viral genome and limited sequence identities in the RNAs (6) , and it is believed that these two groups have descended from a common ancestor. Nakhasi and colleagues (13) have described the specific binding of two Vero cell proteins to the stem-loop structure at the 3' end of rubella virus and of Sindbis virus minus-sense RNAs. Preliminary results from binding experiments with either the 62S(-) or the RUB(-) probe suggest that they also share a similar binding ability for two HeLa proteins (17) . We hypothesize that the binding of these cellular proteins to these viral RNAs is required for replication of the viral RNA and that the poor binding by mosquito proteins of rubella virus RNA results from adaptation of rubella virus to mammalian cells. Mosquitoes are not a host for rubella virus, but there may remain a residual binding of mosquito cell proteins to the rubella virus RNA elements because rubella virus and alphaviruses continue to use common proteins in mammalian cells for RNA replication.
